ABSTRACT
INTRODUCTION
High moisture content of some harvested agricultural produce can facilitate the growth of microorganisms, which results in spoilage. Reducing the moisture content of most foods to 10 -20% prevents bacteria, yeast, mold and enzymes from damaging them (Scanlin, 1997) .
Hence, in order to reduce postharvest loses to enable farmers increase the quality of their produce, efficient and affordable drying methods are necessary.
Drying is a process of moisture removal due to simultaneous occurrence of heat and mass However, most solar dryers use only solar energy as a heat source for drying. This makes such solar dryers dependent on climatic conditions limiting their use in off-sun periods. The consequence is that agricultural produce that are harvested during the rainy seasons are likely to decompose without proper handling. Therefore there is the need for continuous research and development of additional techniques for heat supply to enhance solar drying.
The objectives of this study were to develop a solar dryer with biomass (charcoal) backup heater for drying fruits; evaluate performance by analyzing temperature, moisture content and drying rate and carry out comparative analysis of the solar dryer with and without biomass backup heater for future adoption and scale-up.
MATERIALS AND METHODS
An indirect solar dryer was developed by design and construction. It comprises four major components -solar flat plate collector, drying chamber, chimney and biomass backup heater attached to the drying chamber. The dryer was designed using Siemens NXsoftware. It has the following dimensions: length 1963 mm x breadth 630 mm x height 2160 mm. Fig. 1 shows the isometric drawing of the dryer. Its pictorial view is shown in Fig. 2 .
Data collection and performance analysis of the dryer were carried out from January to February 2015 at the Kwame Nkrumah University of Science and Technology (KNUST) in Kumasi, Ghana -Latitude 6 o 42'N and longitude 1 o 57'W (Moujaled, 2014) . According to measurements done by the Meteorological Services Department of Ghana and the KNUST, average solar irradiation for Kumasi was 340.8 W/m 2 . The ambient temperature, T a, of the test location was 27-32 o C with relative humidity of 70 -84% (Forson et al, 2007 and Antwi, 2007) .
Construction of the solar dryer
As already mentioned the dryer comprised four major components. The following subsection provides a description of the components.
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transfer (Ertekin and Yaldiz, 2004) . Heat transfer occurs to change the temperature of the material to be dried and mass transfer occurs when moisture is removed from within the material to the surface accompanied by evaporation from the surface to the surrounding atmosphere (Hii et al, 2012) . For successful drying, enough heat should be applied to draw out moisture without cooking the food and adequate dry air circulation should be allowed to carry off the released moisture. In addition, the moisture must be removed as quickly as possible at a temperature that does not seriously affect flavor, texture and colour of the food (Sanni et al, 2012) .
Drying is an old technique used for food preservation. It can reduce wastage of surplus production and also make produce lighter, smaller and easier to handle (Green and Schwarz, 2001) . It is a very suitable preservation technique for developing countries with poorly established low-temperature and thermal processing facility (Hii et al, 2012) . Drying can ensure continuous food supply and production of high quality marketable produce (Weiss and Buchinger, 2002) . Traditional open sun drying is a common and widely used method for drying of agricultural produce including fruits, vegetables and cash crops. It is the simplest way of drying foods by direct exposure of the product to the sun. Even though sun drying is the cheapest method, the quality of the dried product usually falls below standards due to contamination, damage by birds or insects and slow or intermittent drying (Brenndorfer et al, 1987) . Dried product quality improvement and reduction of losses can be achieved by the introduction of suitable drying technologies such as solar drying. Solar dryers constitute a specialized structure that controls the drying process and protect the produce from damage by dust, rain and insects. (Raju et al, 2013) . Since the products are protected and the drying time is reduced significantly, the quality of dried product obtained by solar drying is better than that of sun drying. (Seveda, 2013) .
The collector, drying chamber, chimney and backup heater The collector The collector's length and breadth are 1115mm
x 630 mm and it has a transparent cover, absorber plate and insulation. The transparent cover was made from a single layer glass of 5 mm thickness. Aluminum sheet of 2 mm thickSolar dryer with biomass backup heater... To minimize heat loss from the absorber plate, 3 mm thick fiber glass insulation was used. The collector casing was made from wood and plywood. The air inlet opening was covered with mosquito net to prevent insect entry into the drying chamber where the fruits are dried. A sliding door was designed and constructed to control airflow into the drying chamber.
The drying chamber
The drying chamber was made from plywood and wood support. It has three trays-top tray (Tray 1), middle tray (Tray 2) and bottom tray (Tray 3), each of size 60 mm x 50 mm. The trays were made from perforated stainless steel sheet. Stainless steel was chosen to avoid rusting and contamination of the fruits during drying. On one side of the chamber, a circular hole of 10 mm diameter was made to allow hot air from the burning of charcoal pass through a metal pipe into the chamber as backup during drying. A sliding door was designed to cover the hole when the stove was not connected. At the back of the drying chamber, a door was provided for loading and removal of drying materials.
The chimney
The chimney was constructed from 1mm galvanized sheet that was rolled and welded to a 15 mm diameter cylinder. A cup was placed at the top of the chimney to prevent rain from entering the dryer. The chimney was painted black to facilitate the flow of hot air through the drying chamber.
The biomass backup heater
The biomass backup heater uses charcoal as fuel. A Jico-type improved cook stove with ceramic lining known as "Gyapa" was used.
To avoid smoke and flue contamination of the fruits the heat supplied from the cook stove to the drying chamber was collected through a cylindrical metal duct, which connects the backup heater to the drying chamber. The metal duct was welded at the center of a cylindrical cover, which was used to trap the heat.
This cover was well insulated using 2 cm thickfiber glass. Cold air, which passed through the hot metal duct picked up heat from the hot metal surface and transferred it to dry the fruits. The smoke from the heater escaped through a chimney, which was connected at the top of the cover. Once the smoke from the charcoal had flown out, the chimney is covered to prevent the escape of heat.
Production and running costs
The total cost of producing the solar dryer with backup heater was GHȼ 1050 (US$ 330) in February 2015. Since the solar dryer depends primarily on energy from the sun which is free, the recurrent energy cost would be estimated as follows based on the use of biomass in the form of charcoal -If 300g of charcoal costing GHC 0.5 (US$ 0.16) is fed into the backup heater every two hours during day time (06:00 to 18:00 hours), then the estimated cost would be US$ 0.16 x 12 hours x charcoal fed/2 hours = US$ 0.96. Again, charcoal fed into the backup heater after sunset (18:00 to 06:00 hours) is estimated to cost US$ 0.16 x 12 hours x charcoal fed/1 hour = US$ 1.92. Hence, the total cost of charcoal/day is estimated at US$ 0.96+US$ 1.92 = US$ 2.88/day for an estimated quantity of charcoal of 5.4 kg/day. Since the price of charcoal varies from locality to locality and the price is cheaper in rural communities, the recurrent cost of the solar dryer with biomass backup when it is used in rural locations is estimated to be 40-50% of the price of charcoal sold in the city, implying a running cost of about US$ 1 -1.44/day. In summary, the running cost of the solar dryer with biomass backup would be US$ 1 -2.88/ day.
Material preparation for drying
Fresh pineapples and mangoes were obtained from the local market in Kumasi. They were washed, peeled and sliced into pieces. According to Solar Flex (2013), slices for very wet fruits like pineapple should not be more than approximately 5 mm thick. On the other hand, FAO (1997) suggests the slice thickness for pineapple should be 2-3 mm. For the perform-ance tests, average slice thickness of 4 mm of pineapples and mangoes were used. The sliced pineapples and mangoes were placed separately on single layer trays -top tray (Tray 1), middle tray (Tray 2) and bottom tray (Tray 3) to avoid the trapping of moisture at the tray edges.
Instruments used for data collection
The parameters measured during the evaluation of the solar dryer included moisture content, temperature and drying rate. The temperature and humidity inside the dryer and collector as well as the ambient temperature were measured using Tinytag data loggers, EasyLog -USB 2 and HI 91610C Thermo-hygrometer. The thermometer and the hygrometer were set to record data every one hour. At the end of each test, the thermos-hygrometer was taken out and the data was transferred to a computer. Solar Power Meter TM-206, TENMARS was used for measuring the solar insulation and EA-3010U Anemometer was used for measuring wind speed. Additional data was also obtained from a Solar Laboratory of KNUST. The weighing scale used was SOEHNLE. The initial weight of the fruits to be dried was weighed before placing in the dryer. Once the drying started, the produce being dried was taken out from the dryer every three hours for the weight to be measured.
Dryer performance evaluation tests
The performance of the solar dryer with and without the backup heater was evaluated focusing on moisture content, temperature and drying rate. No-load and load test were performed separately. During the no load test the solar dryer was tested without any fruits. The load test of the solar dryer was carried out using 1 kg each of the fresh slices of pineapples and mangoes. The slices were put on three separate single-layer trays. This helped to avoid overlapping and ensured uniform drying.
From the different tests carried out it was found that 2-2.5kg of pineapples of 5-8mm diameter and 1.5-2.5kg of mangoes could be dried in a batch. Ambient temperature and humidity, dryer temperature and collector output temperature were recorded every one hour interval, while the weight of the produce kept in the dryer was measured every three hours interval. The drying rate was also determined. In each test, drying continued until no further weight reduction was recorded. Table 1 shows the drying conditions.
Oven drying was used to determine the initial moisture content of the pineapples and mangoes. Moisture loss of the pineapples and mangoes were determined in the course of the drying by noting the initial moisture contents and measuring weights at regular intervals. Moisture content was determined on wet basis and dry basis. The moisture content on wet basis (Fudholi, 2011): inlet to the drying chamber was 56.4 o C. This indicated the temperature of streaming hot air that was likely to flow to the drying fruits. During the no-load test the cabinet was empty therefore the air temperature in the drying chamber rose from 30.4 o C at 08:00 hours to 51. 1-53.7 o C at mid-day as shown in Fig. 3(a) . A similar value was reported by Svenneling (2012) for an indirect solar dryer where the temperature rise in the drying chamber reached 50 o C by mid-day.
When the ambient air temperature was 36 o C at mid-day, the average air temperature measured in the drying chamber was 51.1 o C -a temperature elevation of about 15 o C above ambient air temperature. This value was relatively high compared to an indirect solar dryer constructed by Antwi (2007) 
Tibebu et al.
(1) Dry basis moisture content is given by equation (2) (Mercer, 2007) :
Where, w = weight of wet material d = weight of dry material Another significant test that was carried out was the evaluation of the performance of the solar dryer with the backup heater. The backup heater supplied heat from 300g of burning charcoal to the drying chamber. All measurements taken in the test were repeated to ensure consistency.
RESULTS AND DISCUSSION No-load test
During the no-load test the solar dryer was tested without any fruits. The ambient air temperature averaged 34.2 o C. The average air temperature measured at the inlet of the collector was 41.3 o C and at the outlet of the collector or In the evening, the temperature in the drying chamber was kept higher than the collector or ambient air temperature by supplying heat from the backup heater. As a result, the temperature on the bottom tray (tray 3) could rise from 41.5 o C to 50.8 o C in two hours (19:00 to 21:00 hours) of backup heat supply. The average dryer temperature was found to be 47.8 o C whereas the average ambient air temperature was about 24.2 o C. A higher temperature was recorded on the bottom tray (tray 3),which is near to the point where heat is supplied from the charcoal stove. To maintain this temperature, 300g of charcoal, costing Ghȼ 0.5 (US$ 0.16), was fed to the stove every one hour interval starting from 18:00 to 21:00hours. After sunset (19:00 to 02:00 hours), the collector temperature decreased from 30.5 o C to 23 o C and ambient air temperature also decreased from 26.9 o C to 23 o C as depicted in Fig. 3 (b) . . The value of the final moisture content falls within the standard range set by United Nations (2013a). According to this standard, untreated dried pineapple should have final moisture content not exceeding 18% (wet basis). As the inlet air passes through the collector and enters the drying chamber, it rises up in the drying chamber and picks up moisture from the fruits on the tray. This results in moisture loss of the pineapples. In order to reduce moisture re-absorption after sunset the drying chamber was kept closed using the sliding doors. Even though the dryer was closed during the night, it was observed that moisture re-absorption occurred at the end of the drying period. As a result, the moisture content of the pineapples being dried increased from 15.7% to 18.2% over the night of the third to fourth day as shown in Fig. 4 .
Solar drying without biomass backup heater

Drying of mangoes
In solar drying of the mangoes, as shown in Figs. 6 and 7, the moisture content of the fruit was reduced from 85.0 % (w.b.) to 13.3 % This value is consistent with United Nations (2013b) that set the final moisture content for a dried mango to be about 15 % (wet basis). A natural convection direct type solar dryer constructed and tested by Akoy et al (2004) reported a moisture reduction from 81.4 % to 10 % w.b. in two days when drying mango. Lower moisture content of 10% was achieved within the same drying period as compared to the current dryer constructed. This can be attributed to the fact that a higher drying temperature was recorded in the dryer as a result of direct exposure to the sunlight or direct type of solar dryer. Although the drying continued up to the fourth day, no moisture loss was observed after the second day. Re-wetting occurred during the night time of the third day of drying. This resulted in moisture re-absorption of about 1.5%. graphs, the mangoes lost moisture faster than the pineapples. The results showed that it took about 18 sunshine hours (2 days) for the mangoes to reduce moisture content from 85% to 11.6%, while in the case of the pineapples moisture reduction from 87% to 16% occurred in 27 sunshine hours (3 days). The implication is that less drying time is required to dry mangoes than pineapples.
Drying of pineapples and mangoes
Solar drying with backup heater
Drying of pineapples Solar drying with backup heater can provide a relatively fast drying as compared to solar drying without backup heater. The graph in Fig. 9 showed that it took about 20sunshine hours (2.5 days) to reduce the moisture content of the pineapples from 87% to 16% (w.b.). About 300g of charcoal costing GHC 0.5 (US$ 0.16) was supplied every two hours interval during daytime and every one hour during evening. The result obtained in this test was comparable to the findings reported in Elepano and Satairapan (2001) . In this paper, it took 18 hours for a solar dryer with biomass back up to dry pineapples from a moisture content of 85% to 20% (w.b.) at an average drying temperature of 60 o C.
Drying of mangoes
Similarly, from the graph shown in Fig. 10 , it took about 14 sunshine hours (2 days) to reduce the moisture content of the mangoes from 85% to 11.6% (w.b.). About 300g of charcoal costing GHC 0.5 (US$ 0.16) was supplied every two hours interval during day time and every one hour during evening.
Solar drying with and without backup heater
The moisture contents of the pineapples and mangoes with time using the solar dryer with and without the backup heater are indicated in Figs. 11 and 12 . From the graphs, moisture loss occurred faster when the solar dryer was used with the backup heater. The results indicated gradual reduction in moisture content from 87 to 77% for the pineapples and from 85 to 70% for the mangoes within the first 5 hours of drying. From the graphs, it is seen that from midday to sundown the rate of moisture reduction increased for both fruits when the solar dryer was used with the backup heater. After continuous drying of the pineapples with backup heater, on the second day, the moisture content of the pineapples reduced from 26.8% to 22.3% around mid-day (Fig. 11) , while using the solar dryer alone without the backup heater the moisture content of the pineapples reduced from 58.2% to 40.3% within the same time interval. Overall, moisture loss continued in both the solar dryer with backup and solar dryer without backup. However, it is likely that re-wetting and moisture absorption occurred overnight from 17:00 hours in Day 2 to 09:00 hours the next morning, hence the sudden rise in the dryer with backup graph. In the case of the drying of mangoes, the moisture content measured around mid-day indicated 23.2% for solar drying with backup, while solar drying without back was 27.6% (Fig. 12) . The graphs have indicated that moisture reduction is likely to be enhanced in a solar dryer with a backup heater.
Drying rate
The drying rates of the pineapples and mangoes using the solar dryer with and without backup heater are presented in Table 2 below. Using the solar dryer without backup heater, the drying rate of the pineapples was measured to be 23.7g/h whereas for mango it was 15.5g/h. However, a higher drying rate was obtained when the solar dryer was used with backup heater. The study results showed that with backup heater, the drying rate of pineapples increased to 32.5g/h and that of the mangoes also increased to 19.3g/h. Olaniyan and Adeoye (2014) reported of a drying rate of 25g/h when charcoal-fired dryer was used for drying a wet produce such as tomato.
Further, the drying rates for each test in terms of the grams of solids present in the sample are given in Table 3 . The Table shows the drying rate of pineapple and mango in dry solid matter for different modes of drying. When the dryer was used with backup heater the drying rate of the pineapples was 13.1% higher than using solar drying alone and 13.8% higher in the case of mangoes. The implication is that solar drying Table 2 : Drying rate of the pineapples and mangoes with and without backup heater with back up heater dries about 13-14% faster than without back up heater.
CONCLUSION
Solar dryer with a biomass backup heater was designed and constructed using locally available materials. The biomass backup heater, which was adapted from a charcoal stove to serve as a heating component with the purpose of supplying continuous heat for drying after sunset and cloudy periods. The solar collector could attain a maximum air temperature of about 80 o C when the peak solar radiation was 930 W/m 2 . Under no-load condition, the average collector temperature was 56.4 o C; the average drying chamber temperature as 53.3 o C with ambient temperature of 37.8 o C. In the evening (after sunset) when the biomass backup heater was used, a relatively high average temperature of 50.8 o C was measured in the drying chamber. This indicated that the temperature in the drying chamber was raised above the ambient temperature creating a suitable condition for drying.
Solar dryer with biomass backup heater... 22
Journal of Science and Technology © KNUST August 2016
The performance of the dryer was evaluated using pineapple and mango in which the moisture content of the sliced pineapples reduced from 87% to 16% and sliced mangoes from 85% to 15.5%. On average, solar drying with backup took 2 days to attain the desired moisture content, while that without took 2-3 days. With biomass backup heater, the drying rate for pineapples was 32.5g/h and 19.3g/h for mangoes, while without backup the drying rate was 23.7g/h for pineapples and 15.5g/h for mangoes. Better dryer performance was obtained when the dryer was used with a biomass backup heater. Given that the dryer could dry both fruits with moisture contents of 85% and 87% implies that the solar dryer can dry other crops that have less moisture content than mangoes and pineapples.
